The marine emissions of biogenic gases (CH 4 , N 2 O, DMS) were determined on the north-western shelf of the Black Sea in July 1995. Methane (CH 4 ) saturation ratios (SR) averaged 930% (173-10 500%) and were inversely proportional to salinity. The mean nitrous oxide (N 2 O) SR was 111% (96-149%), which is similar to the values found in other coastal water masses, and did not present any significant variability as a function of salinity. Dimethyl sulphide (DMS) concentrations ranged between 2·96 and 11·9 nM and chlorophyll a-normalized DMS concentrations were found to increase exponentially with salinity, illustrating the influence of plankton speciation. Coastal and shelf waters affected by riverine inputs, which represent 30% of the Black Sea surface area, contributed up to 53% of the CH 4 flux during the summer period. Biogenic sulphur emissions, primarily as DMS, showed a strong gradient, increasing from open Black Sea waters to estuarine Danube waters. There was less variation in the flux densities of N 2 O for the different water masses. By extrapolating values obtained during summer 1995, upper limits for the emissions from the Black Sea to the atmosphere were estimated to be 6·7-11·7 Gmol yr 1 of CH 4 , 0·45-0·75 Gmol yr 1 of N 2 O and 0·30-0·80 Gmol yr 1 of DMS, using two different air-sea gas exchange models.
Introduction
For nearly three decades, Danube River inputs, rich in nutrients such as nitrogen and phosphorus, have been driving intense eutrophication processes on the northwestern (NW) shelf of the Black Sea. The effects from eutrophication usually peak during the summer season and have been found to modify both water column and sediment biogeochemistry (Mee, 1992) . In the north-western Black Sea, eutrophication induces both a shift in plankton speciation from diatoms to flagellate-dominated populations (Mee, 1992; Lancelot et al., 1998) and anoxic conditions above the sediments . Consequently, the eutrophication phenomena in Black Sea shelf waters may potentially affect the cycling of major elements involved in the production of biogenic gases. Previous investigations on the Black Sea have focused primarily on the biogeochemistry of CH 4 in the deep, permanent anoxic basin (Hunt, 1974; Scranton, 1977; Reeburgh et al., 1991) . Methane (CH 4 ) cycling in the main Black Sea basin has been investigated by Reeburgh et al. (1991) , and is predominantly driven by gas seeps and microbial oxidation in the water column (Reeburgh et al., 1991) . Reeburgh and co-authors (1991) estimated that the CH 4 flux to the atmosphere from the Black Sea is about 4·1 Gmol yr 1 . No published data, however, have quantified either the significance of nitrous oxide (N 2 O) and volatile organic sulphur compounds (i.e. dimethyl sulphide, DMS) in the Black Sea or the importance of these biogenic gases on the NW Black Sea shelf.
CH 4 is an atmospheric trace gas that contributes to 15% of the greenhouse effect and is undergoing atmospheric concentration increases that have slowed down from 1 to about 0·5% yr 1 during the last two decades (Steele et al., 1992; Matthews, 1994; Houghton et al., 1996) . Coastal environments were found to account for 75% of the oceanic emissions to the atmosphere (Bange et al., 1994) , which contribute to about 2% of the global atmospheric emission (Matthews, 1994; Bates et al., 1996) . The Black Sea is also the largest surface water reservoir of methane (6000 Gmol), which is contained in the anoxic zone of the main basin (Cicerone & Oremland, 1988) . In the case of the NW Black Sea shelf, intense eutrophication may lead to the deposition of high amounts of organic matter to the sediment floor, which could provide labile organic carbon and generate favourable reducing conditions for the microbial production of methane (Cicerone & Oremland, 1988; Scranton & McShane, 1991; Bange et al., 1998) . The geochemistry of methane is therefore of primary importance in the Black Sea ecosystem, where both atmospheric evasion and methane oxidation represent the major sinks (Reeburgh et al., 1991) . The present work will particularly emphasize the relative importance of coastal waters compared to open waters (above the deep basin) in the global emission budget of methane from the Black Sea.
N 2 O is a gas responsible for 5-6% of the greenhouse effect (Houghton et al., 1996) . N 2 O also contributes to the destruction of the ozone layer and shows an annual growth rate of 0·3% yr 1 (Khalil & Rasmussen, 1992) . The oceans are considered to be significant sources for atmospheric N 2 O, contributing to c. 25% of the global emissions (Nevison et al., 1995; Bouwman et al., 1995) . Nevertheless, marine emissions need to be reassessed, and coastal waters have been recently estimated to contribute to 60% of the global oceanic flux when estuarine and upwelling coastal areas are included (Bange et al., 1996a) . The eutrophication processes in coastal waters such as the Black Sea shelf represent a potential source of atmospheric N 2 O (Seitzinger & Nixon, 1985) . Similar to the case of CH 4 , reducing conditions in bottom waters associated with sizeable loads of inorganic and organic nitrogen may lead to increased denitrification and nitrification rates, respectively, and thus to N 2 O production (Rö nner, 1983; Seitzinger et al., 1983; Seitzinger & Nixon, 1985; Hedmond & Duran, 1989) . Both denitrification in coastal sediments (Seitzinger et al., 1983) and nitrification in the stratified basin (Rö nner, 1983) were consequently found to be efficient sinks of nitrogen to the ecosystem by the production and volatilization of N 2 O and other nitrogen gases. The present study will address the occurrence of N 2 O in both open and coastal waters of the Black Sea and the significance of its atmospheric evasion for the nitrogen budget.
DMS represents 95% of the natural marine flux of sulphur gases into the atmosphere (Andreae, 1990) and has been proposed to counteract the greenhouse effect by subsequent oxidation to sulphate aerosols within the troposphere (Charlson et al., 1987; Ayers et al., 1991) . Sulphate aerosols readily form cloud condensation nuclei that may affect the reflectivity and stability of clouds. The global contribution of coastal waters to DMS emissions seems to be rather low compared to the activity of the large oligotrophic oceanic areas (Andreae, 1990; Kettle et al., 1999) . However, significant bloom events observed in various shelf seas, such as the North Sea (Turner, et al., 1988) and the Baltic Sea (Leck et al., 1990) , involving mainly flagellate plankton organisms, have led to the production of high DMS concentrations in surface seawaters. High fluxes to the atmosphere were consequently established in these temperate coastal and shelf areas during warmer seasons. Since coastal areas are submitted to large nutrient loads, the resulting eutrophication trend was postulated to enable an increase of the DMS emission by the shift of plankton population to Phaeocystis species (Lancelot et al., 1987) . In this work, the concentrations of DMS in open and coastal waters of the Black Sea will be presented and discussed for the first time, and the related atmospheric emission will be estimated.
This paper intends to extend the global inventories of CH 4 , N 2 O and DMS fluxes to the atmosphere from marine environments and to indicate potential interactions between these fluxes and the biogeochemical changes on the north-western shelf of the Black Sea. We investigated the distribution of CH 4 , N 2 O and DMS in surface waters of the north-western Black Sea, mainly influenced by the Danube River inflow. CH 4 and N 2 O mixing ratios in the atmosphere above the sea were also measured in order to accurately determine the saturation of these gases in surface shelf waters. We finally estimated flux densities from the north-western shelf and extrapolated the emission rates of the entire Black Sea basin during the summer period for the three biogenic gases.
Material and methods

Field sampling and analysis
The first cruise of the European River-Ocean System 21 project (EROS 21) (Figure 1 ) took place on the north-western shelf of the Black Sea (18 July-2 August 1995, RV Professor Vodyanitsky, Institute of Biology of the Southern Seas, IBSS, Sebastopol, Ukraine). The cruise track allowed us to sample different representative water masses of the Black Sea from estuarine to shelf waters along the Danube front, and from shelf waters to open-sea waters above the slope and the main deep basin (Figure 1 ). The investigation of the near-shore waters was focused on the Danube estuarine plume along the delta output and on Constanza Bay (Romanian coast, west of the shelf). The study of shelf surface waters was conducted along two transects above the Crimean and the Bulgarian shelf break (south-east and south-west part of the shelf, respectively). Seawater temperature and salinity were monitored continuously using a towable Mark-III conductivity, temperature, depth (CTD) probe (Neil Brown, U.S.A.). The conductimeter was calibrated in order to obtain direct salinity values according to the Practical Salinity Scale (International System of Units). Meteorological parameters, such as wind speed, wind direction, temperature and relative humidity, were also continuously recorded using a portable, automated weather station (Campbell Scientifics, U.K.; Keithley Acquisition Systems, U.S.A.). For the measurements of the biogenic gases, two independent systems were used; a continuous sampling system measured the surface concentrations of CH 4 and N 2 O throughout the entire cruise and a discrete sampling system was used to determine depth distributions of CH 4 and DMS at several stations on the shelf during the last part of the cruise (25-31 July). The discrete sampling system was also found to be useful for correcting the surface concentrations of CH 4 measured by the continuous sampling system within highly stratified surface waters of the Danube front. In this part of the shelf area, the Danube plume behaves as an ' outer ' estuary, with salinities below 15 in the first 2-3 m depth. Thus, surface layer samples (c. 1 m depth) collected by discrete sampling were found to be enriched in methane in comparison with continuous measurements collected about 2 m below. A good correlation was obtained for those surface waters between discrete and continuous measurements (R 2 =0·8, N=20), with a slope of 2·3 (s.d. of 35%), which was used as a correlation factor for later saturation and flux calculations. For salinities above 15 (and up to 18), shelf surface waters were found to be well mixed in the first 5 to 10 m, and no discrepancy was observed between the two CH 4 measurement techniques. Continuous measurements of atmospheric and dissolved CH 4 and N 2 O in the surface waters were obtained using a fully automated system involving gas chromatography (GC) (Dani 8500 GC with Alltech Molecular Sieve 5A packed column) with flame ionization and electron capture detection, respectively. Technical description and analytical performances of the automated manifold are described elsewhere (Bange et al., 1996b) . Surface waters (3 m depth) were pumped continuously through an airwater equilibrator at 12-15 l min 1 , and equilibrated air was subsequently sampled every 2 h. The basic operational and physical principles of this equilibrator are described elsewhere (Butler et al., 1988; Weiss et al., 1992) . Under our operating conditions, the response time for full equilibration of both CH 4 and N 2 O was estimated to range between 1 and 5 min. Atmospheric samples were pumped directly to the laboratory from the top of the main mast to collect clean air from the marine boundary layer. During discrete or CTD cast stations, the ship faced into the wind to avoid ship contamination.
For the discrete sampling measurements, water samples were taken using Go-Flo units (General Oceanics, Miami, U.S.A.) at various depths and were subsequently analysed for CH 4 and DMS (no N 2 O measurement). Surface samples (1 m depth) were collected at most CTD cast stations, and two depth profiles were collected at stations 17 and 22 (see Figure 1 ). Station 17 is situated in front of the Danube delta outflow from the St. Georghe branch (44 49 25N, 29 49 22E; 45 m depth) and is considered to represent Danube front between estuarine and shelf waters (surface salinity 12). Station 22 is positioned along Constanza Bay and downstream of the Danube estuarine plume (43 49 59N, 29 01 52E; 50 m depth) and is considered to represent northwestern shelf waters as influenced by Danube outflow (surface salinity 16). Before the cruise, the Go-Flo units were checked for gas leaks. Samples were filtered through pyrolysed glass fibre filters (Whatman GF/F) directly into silanized glass loops (50-ml) using a helium (He) line (1·5 bars) and stored in the dark at c. 10 C. Samples were analysed within a couple of hours after filtering. Andreae and Barnard (1983) have shown that storage of filtered samples for several hours in these conditions does not significantly change DMS concentrations. The DMS analytical system consisted of a purge and trap unit coupled to a gas chromatograph (Hewlett-Packard 5890 GC) fitted with a Carbopak A column (60/80 mesh in 3·2-mm o.d. Teflon PFA tubing). The oven temperature programme began at 50 C for 2 min, then steadily increased to 120 C at a rate of 3·9 C min 1 . The detection was performed with a monoblock flame ionization (FID) and photometric (FPD) detector using a hydrogen (H 2 ) flame (75 ml min 1 H 2 and 100 ml min 1 synthetic air). To minimize gas adsorption, glass surfaces were silanized with dimethyldichlorosilane and gas-tight connections were made with Teflon tubing and connectors. The water samples were purged with cryo-cleaned He for 30 min (160 ml min 1 ), and the volatile gases were collected in a cryogenic trap (3·2-mm i.d. 20-cm U-shaped glass tubing packed with Chromosorb WHP, Supelco) immersed in liquid nitrogen. The sample was then injected into the GC using cryo-cleaned He carrier gas (60 ml min 1 ). An intermediate glass U-trap, immersed in an acetone bath and maintained at 30 C, was placed between the cryogenic trap and the purging vessel to remove water vapour. Two samples were simultaneously processed by connecting two identical stripping and trapping appliances to the gas chromatograph via a 10-way gas stream selection valve (Valco, Supelco).
Calibrations were performed using standard gas mixtures for CH 4 and N 2 . Two gas mixtures calibrated against U.S. NIST standards were used for CH 4 and N 2 O. Certified concentrations for CH 4 and N 2 O were, respectively, 3·4 parts per million by volume (ppmv) and 460 parts per billion by volume (ppbv) in the first gas mixture, and 5·07 ppmv and 618 ppbv in the second (Deuste Steininger GmbH, Germany). DMS was calibrated using a thermostated (23 C) permeation device (Vici Metronics, U.S.A.). Relative standard deviations on measurements obtained under field conditions were 1%, 2% and 10% for CH 4 , N 2 O and DMS, respectively. The FID/FPD detector was first optimized for DMS analysis using a H 2 -rich flame for FPD sulphur detection (see conditions above). CH 4 detection with the FID for discrete samples was therefore less stable and sensitive, and gave rise to a higher relative standard deviation of 25%.
Saturation ratio and flux calculations
For CH 4 and N 2 O, saturation ratios (SR) between surface waters and the overlying atmosphere were directly determined from the mixing ratios of both gases measured in the equilibrated air (X w ) and the ambient air (X a ), using the general relation: and where C w and C a (mol l 1 ) are the concentrations of the dissolved gas observed in surface waters and theoretically in equilibrium with the ambient atmosphere, respectively. w and a (mol l 1 atm) are the respective Bunsen solubility coefficients of the gas in the equilibrator and in surface waters (temperatureand salinity-dependent), and P atm (atm) is the atmospheric pressure. Water temperature inside the equilibrator and atmospheric pressure were measured continuously using a thermistor probe and the ship's pressure sensor. Gas solubility was corrected for the temperature difference between surface waters and the equilibrator (c. 1-2 C), and salinity was assumed to be identical. Bunsen solubility coefficients were obtained after Weisenburg and Guinasso (1979) and Weiss and Price (1980) for CH 4 and N 2 O, respectively.
The air-sea gas flux densities (F g , mol m 2 s 1 ) were obtained using Fick's Law for diffusion. The sea-to-air fluxes for CH 4 and N 2 O were calculated using the following equation:
where k W (m s 1 ) is the calculated transfer velocity of the gas from surface waters.
For DMS, assuming that marine coastal waters are highly supersaturated compared to the atmosphere (C w nC a ), the sea-to-air flux expression can be simplified to :
with C w (DMS) directly measured after sample purge and trap-GC-FPD analysis. The transfer velocity, k w , was determined using the empirical formulae of Liss and Merlivat (1986) (hereafter referred to as LM86) and Wanninkhof (1992) (hereafter referred to as W92). These transfer velocity models are only dependent on wind speed, surface water temperature and salinity. The transfer coefficient was adjusted by multiplying with (Sc/ 600) N for LM86 and (Sc/660) N for W92, where Sc is the Schmidt number. Sc was calculated according to Jähne et al. (1987) , Broecker and Peng (1974) and Saltzman et al. (1993) for CH 4 , N 2 O and DMS, respectively. Continuously measured wind speed at about 12 m height, surface temperature and salinity at 1 m depth were used to calculate the various parameters. More details about the methods used here for CH 4 , N 2 O and DMS flux calculations are also given elsewhere (Bange et al., 1996b; Andreae et al., 1994) .
Results and discussion
Methane (CH 4 )
Atmospheric CH 4 mixing ratios were fairly constant throughout the cruise, averaging 1·85 0·06 ppmv (Table 1 ). The average mixing ratio is slightly higher than the results of the U.S. NOAA global sampling network, which reports values ranging from 1·73 to 1·80 ppmv from the monitoring sites at Borrow, Alaska and Mauna Loa, Hawaï, for the summer of 1995 (http://www.cmdl.noaa.gov/noah/). However, mixing ratios obtained above the main deep basin average 1·79 ppmv and are in good agreement with the U.S. NOAA global sampling network. In near-shore areas, they increased significantly, with maximum values up to 2·35 ppmv downwind (north/ north-west) of the Danube delta. These high values indicate that both the Danube delta and estuary are important sources of atmospheric CH 4 . In addition, it has been well established that delta and brackish water ecosystems are important sources of CH 4 to the atmosphere (De Laune et al., 1983; Heyer et al., 1990) .
CH 4 concentrations measured in the NW Black Sea surface waters were mainly dependent on the water mass sampled, ranging from 4 nM above the main, deep anoxic basin to 255 nM in front of the Danube delta (Figure 2 ). CH 4 concentrations in open Black Sea waters average 9·1 nM and are very similar to those obtained several years ago by Reeburgh et al. (1991) at c. 10 nM (Table 1) . CH 4 concentrations along the estuarine salinity gradient show a nonconservative behaviour. Concentrations decrease rapidly seaward from salinity 8·5 to 18·5 without following a linear mixing curve (Figure 2) . The apparent CH 4 loss during the estuarine transfer is probably due to both ventilation and microbial methane oxidation. Such inverse relationships have also been found in various other estuarine and coastal environments (De Angelis & Lilley, 1987; Butler et al., 1987; Scranton & McShane, 1991) . Further analysis would require more data for low salinity, but our data indicate that the Danube delta is probably an important source of CH 4 to the NW Black Sea shelf and to the atmosphere.
To better understand CH 4 sources on the northwestern Black Sea shelf, two depth profiles have been performed within the Danube plume and on the south-western part of the shelf. The depth profiles are presented in Figure 3 Figure 3(a) ]. However, within the first 5 m, a slight increase of the salinity with depth demonstrates the occurrence of a surface layer corresponding to the Danube plume. Oxygen was not saturated, but no anoxic condition was present in the whole water column (3-5 ml l 1 ). CH 4 concentrations decreased sharply from 250 nM in the surface layer to 25-50 nM in the water column. These data clearly demonstrate the large input of CH 4 from the Danube delta at the surface, which can then be easily ventilated to the atmosphere. Although concentrations were 10 times lower than at the surface, CH 4 was supersaturated in the entire water column. Production of CH 4 within the near-shore water column has been observed previously and may result from the presence of reducing microenvironments formed under intense primary productivity (Scranton & McShane, 1991) . Bange et al. (1998) showed that coastal sediments can also produce large amounts of CH 4 , but in this specific area of the Danube front, found that sulphate reduction is the dominant microbial activity and may prevent the occurrence of methanogenesis.
On the shelf, the water stratification was similar to that of the Danube front [ Figure 3(b) ]. In the first 3 m, the salinity signature of the Danube plume was still present (slight increase) and a well-marked thermocline was positioned at the same depth, within the same temperature range (25-7 C). Oxygen saturation was higher than in the Danube front Bange et al (1994) . d Bange et al. (1996a) . e Andreae (1990) . f Iverson et al. (1989) . F 2. Methane, nitrous oxide and chlorophyll a-normalized dimethyl sulphide concentrations in surface waters of the north-west Black Sea shelf as a function of water salinity. Methane and nitrous oxide concentrations were obtained from equilibrator mixing ratio measurements and Bunsen solubility coefficient calculations. Measured dimethyl sulphide concentrations ( g l 1 ) were normalized to chlorophyll a contents ( g l 1 ) in the same samples (weight ratio).
(c. 5-6 ml l 1 ). CH 4 was found saturated in the entire water column, with homogeneous concentrations around 20-30 nM in the mixed layer, increasing steadily with depth from 20 nM at the thermocline to 200 nM at the bottom. Surface waters are probably saturated from both the influence of the Danube plume, as indicated by the salinity signal at the surface, and the potential production of CH 4 within the water column (Scranton & McShane, 1991) . The sharp methane gradient shown in this profile also demonstrates that bottom sediments are probably a significant source of CH 4 for shelf waters (Bange et al., 1998) . This statement is also in agreement with the observations of Ivanov et al. (2002) in the same area, which show that methane oxidation rates in the sediment and in the water column of the shelf could not counterbalance CH 4 production rates. Surface waters in the NW Black Sea were all supersaturated with CH 4 (see Table 1 ), and saturation ratios (SRs) ranged from 173% to 10 500%. SRs displayed in Figure 4 were highly variable along the cruise track and inversely proportional to the salinity in surface waters, as shown previously for concentrations (see Figure 2) . Similar SR values, and their relationship with salinity, have been reported in several estuarine and coastal environments (Bange et al., 1994) . As discussed above, for salinities around 12 or less, surface waters were directly influenced by Danube estuarine waters and display high SRs, such as in the Danube front or in Constanza Bay, averaging 5336%. Shelf sediments were also found to be a significant source of CH 4 to surface waters during the summer of 1995 (Ivanov et al., 2002) , and could explain the high supersaturation in the entire shelf are investigated (average 567%). High SRs were observed in open surface waters of the NW Black Sea, with an average of 401%. These values are in agreement with those obtained by Reeburgh et al. (1991) in surface waters of the central part of the Black Sea deep basin, which were found to range from 200 to 500%. They could result from both gas-seep bubble input released by the shelf slope sediments and from vertical diffusion of methane produced in the permanent anoxic basin Reeburgh et al., 1991) . SR peaks at about 1100 and 1500% were additionally observed in both Crimean and Bulgarian shelf-break transects, respectively (Figure 4) . They are probably a consequence of methane gas seeps, which were located in these areas by ) from systematic echo-sounding surveys. The two independent studies performed by and Reeburgh et al. (1991) have both outlined the role of the shelf slope sediments on the Black Sea CH 4 budget and have estimated that these sediments release 685 mol m 2 day 1 and 548 mol m 2 day 1 of CH 4 , respectively. Air-sea flux densities are averaged for each of the three different water masses of the Black Sea (Table 2) . CH 4 fluxes in open waters, calculated with both sea-air exchange models, range from 28·9 to 50·5 mol m 2 day 1 and are again in good agreement with values estimated previously (Reeburgh et al., 1991) above the Black Sea deep basin, which were found to average 26·6 mol m 2 day 1 . CH 4 emissions from river fronts and shelf waters represent an important source, contributing to 35-53% of the flux from the Black Sea during summer. The CH 4 emission rate from the Black Sea, extrapolated from the flux density values obtained during the summer period, is 6·7 to 11·7 Gmol yr 1 (Table 2 ). These emission rates are about 1·5 to 3 times higher than those estimated by Reeburgh et al. (1991) . This difference cannot only be explained by seasonal trends or differences in air-sea exchange modelling, but also represents the important contribution of CH 4 -enriched surface waters in the estuarine plume (i.e. Danube river front).
Nitrous oxide (N 2 O)
N 2 O atmospheric mixing ratios were found to be fairly constant, with an average of 315 10 ppbv (Table 1) . The average mixing ratio value is also in good agreement with the results of the U.S. NOAA global sampling network, which reports values of c. 313 ppbv from the monitoring sites at Barrow, Alaska and Mauna Loa, Hawaii, for the summer of 1995 (http:// www.cmdl.noaa.gov/noah/). However, our standard deviation appears to be rather high (c. 3%) compared to previous studies in coastal environments (Bange et al., 1996a) . Dominant winds throughout the cruise were from north/north-west and could have led to some mixing ratio spikes due to heterogeneous continental air-mass inputs. Analytical error was, however, measured at about 2% and may explain most of the deviation from the average mixing ratio.
Our seawater N 2 O measurements indicate that no significant variation in the N 2 O concentrations on the shelf occurred between the different surface water masses, averaging 8·0 0·6 nM (Table 1) . Higher concentrations, between 8·0 and 10·0 nM, were, however, observed in open waters above the main Black Sea basin and in near-shore waters at the Danube river front. Lower concentrations, between 6·5 and 8·0 nM, appeared mainly in shelf surface waters. N 2 O concentrations plotted vs salinity do not, therefore, present any significant trend (Figure 2) . The Danube River is supposed to bring considerable loads of inorganic nitrogen species into the NW Black Sea shelf, up to 340 000 tons yr 1 (Mee, 1992) . One would expect that such an important stress on estuarine and coastal ecosystems leads to the large production and release of N 2 O in surface waters (Seitzinger & Nixon, 1985; Butler et al., 1987; Hedmond & Durand, 1989; Law et al., 1992) . However, potentially low denitrification rates in the Danube delta and near-shore sediments may explain our observations (Seitzinger et al., 1983; Seitzinger & Nixon, 1985) . This monotonous distribution of N 2 O concentrations with salinity has also been observed by Bange et al. (1998) in estuarine and coastal waters of the southern Baltic Sea. They also obtained N 2 O concentration maxima, exclusively during high nutrient loads coinciding with early spring flood events. For the north-western Black Sea, more data are required in the upper estuary and delta and in shelf sediments to understand which processes are controlling N 2 O formation and fate as influenced by Danube River inputs.
Unfortunately, no N 2 O depth profile was performed during the cruise, which may have helped to provide an explanation for the rather low and constant levels of this gas in the surface waters of the northwestern shelf of the Black Sea. However, the oxidized nitrogen species concentrations within the water column from the two profiles shown in Figure 3 may help to interpret our N 2 O data set. In the Danube front [ Figure 3(a) ], the nitrate plus nitrite (NO 3 +NO 2 concentrations display two maxima at the surface and at the bottom of the water column. The first one is associated with the Danube plume outflow within the surface layer (0-5 m depth). The second corresponds to an increase of NO 3 +NO 2 concentrations with depth below the mixed layer and the maximum plankton biomass, as indicated by chlorophyll a concentrations. In the shelf waters [ Figure 3(b) concentrations is observed down to the bottom. In both depth profiles, the phytoplankton biomass is large in the mixed layer (3-6 mg m 3 Chl a), but oxygen values indicate that no reducing conditions prevail in above-bottom waters. Consequently, bottom waters are likely to undergo significant nitrification activity, as indicated by the NO 3 +NO 2 maxima, and hydrological conditions do not seem to favour nitrogen reduction (denitrification). In the Baltic Sea Rö nner (1983) observed that N 2 O could be efficiently produced in bottom waters by nitrification, depleting most of the dissolved oxygen. Once anoxic conditions are present, N 2 O can be simultaneously produced by denitrification in above-bottom waters. However, in the southern Baltic Sea, coastal sediments showed both consumption and release of N 2 O and nitrification/ denitrification activity was apparently not correlated with N 2 O concentrations (Bange et al., 1998) . From the profiles obtained during our cruise, oxygen concentrations in bottom waters were not completely depleted in the north-west shelf of the Black Sea during summer 1995. High nitrification and denitrification rates are therefore not expected under these conditions and could explain the rather monotonous distribution of N 2 O in surface coastal waters.
N 2 O SRs averaged 111 9% and demonstrate that the majority of surface water types in the northwestern Black Sea were a source of atmospheric N 2 O during the summer period (Figure 4) . The SRs are comparable with those obtained in various estuarine and coastal environments, but higher values are generally found for low salinities (Bange et al., 1996a) . Results indicate that SRs were rather high for open Black Sea waters (110%), but relatively low for the Danube estuarine waters (112%), when compared to literature data from similar coastal waters (Table 1) . The elevated SRs observed for open waters may originate from N 2 O production and vertical diffusion due to high nitrification and denitrification rates at the oxic/anoxic interface, located between 150 m and 200 m depth, in the permanent anoxic Black Sea basin. Rö nner (1983) has observed the same processes occurring above anoxic waters in the Bothnian basin of the Baltic Sea.
Extrapolated N 2 O emission rates from our summer data set range between 0·45 and 0·75 Gmol yr 1 , and were found to be much lower than those of CH 4 for all types of surface waters in the north-western Black Sea (Table 2 ). Significant SRs during summer in both shelf and open Black Sea surface waters lead to a total emission rate equivalent to c. 3% of the estimated inorganic nitrogen input from the Danube River (Mee, 1992) . Volatilization loss of denitrification gas products (N 2 O, N 2 ) from surface waters could, therefore, be a significant sink for the nitrogen budget in the Black Sea basin (Rö nner, 1983; Seitzinger & Nixon, 1985) . However, the unexpectedly low saturation ratio in the Danube estuarine waters could be due to a seasonal or peculiar event and could lead to an underestimate in our flux data. New data on the Danube River and delta may also help to understand the different biogeochemical processes involved in N 2 O cycling in the north-western Black Sea shelf.
Dimethyl sulphide (DMS)
All DMS measurements were performed during the second half of the cruise located in the western part of the north-western shelf (off the Romanian and Bulgarian coast). DMS concentrations measured by discrete sampling were found to be relatively high when compared to literature data (Table 1) , ranging from 2·69 nM in shelf surface waters to 11·9 nM in Danube estuarine waters. The ratio of DMS concentration ( g l 1 ) to chlorophyll a concentration ( g l 1 ) was also investigated and shows a sharp increase from 0·05-0·02 in estuarine and shelf surface waters up to 0·90 in open Black Sea waters (Figure 2 ). This trend has previously been reported by Iverson et al. (1989) in estuarine waters and was associated with changes in plankton speciation. The ratio obtained for the Danube front estuarine waters (salinity <15) and shelf surface waters (15< salinity <18) is rather similar. This indicates that, in these surface waters, DMS concentrations depend mainly on plankton biomass. On the other hand, the ratio is much higher for open waters (salinity >18) above the Bulgarian shelf break. This may indicate plankton species with higher specific DMS production are occurring in more oligotrophic Black Sea waters. Preliminary data show that plankton species during the cruise were dominated by diatoms in shelf waters and by flagellates in the open waters (Moncheva et al., pers. comm.) . Diatoms are known to produce only small amounts of DMS (Keller et al., 1989) , which readily explains the low DMS/Chl a ratios in the estuarine and shelf waters. High concentrations of DMS observed in the open waters, despite low phytoplankton biomass, may be due to the higher production of dimethylsulfoniopropionate (DMSP) in flagellates than in diatoms, and the further production of DMS from cell-released DMSP in surface waters (Andreae, 1990; Leck et al., 1990) .
Two depth profiles of DMS concentrations were also measured in the Danube front [Figure 3(a) ] and shelf waters [Figure 3(b) ]. The first profile shows that DMS concentrations follow the temperature profile, with elevated concentrations in the warm mixed layer. Maximum values of 12 nM are observed in this layer, and no influence from the Danube plume outflow is discernible. On the second profile, a similar pattern can be found with a maximum concentration of up to 10 nM within the mixed layer, decreasing sharply below the thermocline. In both depth profiles, DMS concentrations follow approximately the biomass distribution as indicated by the chlorophyll a contents. This type of distribution has been previously reported in nearshore waters where concentrations of DMS were mostly related to the type of plankton species occurring within the water column (Turner et al., 1988) . The results obtained by Turner et al. (1988) also indicate that a plankton population dominated by high specific DMS producers, such as flagellates or coccolithophores, would lead to much larger DMS concentrations in our samples, considering the high chlorophyll a concentrations observed. Again, this observation sustains that estuarine and shelf waters were mainly dominated by low DMS-producer plankton species (e.g. diatoms).
From past observations, eutrophication stress, occurring mainly in summer in the north-western Black Sea, is supposed to shift plankton species from diatoms to flagellates in near-shore and shelf waters (Mee, 1992; Lancelot et al., 1998) . Given the high plankton biomass present, we would have expected higher DMS concentrations in the shelf and Danube estuarine areas than in the open waters during summer. Consequently, conditions observed during our cruise were probably unusual, but more seasonal variation studies are certainly necessary to understand the real dynamics of plankton speciation and DMS production.
DMS flux densities and emission rates for the north-western shelf waters were consistent with previous estimates from various coastal environments (Andreae, 1990) . Extrapolated DMS emission rates for the entire Black Sea range between 0·3 and 0·8 Gmol yr 1 , and open waters account for about 60% during the summer season. Despite higher flux densities in the Danube front than in shelf or open waters, DMS emission to the atmosphere seems to be more dependent on plankton speciation than on plankton biomass (Turner et al., 1988; Andreae, 1990; Leck et al., 1990) . In a temperate climate, summer fluxes account for a large fraction of the annual emission (Turner et al., 1988; Kettle et al., 1999) . Flux estimation, using our dataset, is therefore indicative only of summer conditions, and cannot be used to predict seasonal and interannual DMS emission trends in the Black Sea.
Conclusion
In the present study, we have determined for the first time, to our knowledge, the concentrations and atmospheric fluxes of CH 4 , N 2 O and DMS in the north-western Black Sea shelf. This study also addresses the potential importance of biogeochemical changes in the coastal environment of the Black Sea, due to anthropogenic disturbances such as nutrient load and chemical pollution, on the production of biogenic gases of atmospheric and climate interest. Atmospheric CH 4 fluxes from Black Sea waters are large compared to other coastal ecosystems. Three different sources release CH 4 in surface waters and subsequently to the atmosphere: CH 4 seeps in the slope of the main, deep anoxic basin, methanogenesis in bottom shelf sediments, and CH 4 inflow from the Danube delta and estuary. Atmospheric N 2 O fluxes in Black Sea shelf waters were surprisingly low, probably because nitrification and denitrification activities were limited in this area at this time of the year. On the other hand, the oxic/anoxic interface above the main deep basin seems to generate significant amounts of N 2 O which can be ventilated to the atmosphere. DMS distribution and atmospheric fluxes were found to be rather similar to those reported in other temperate coastal environments and reflected diatom bloom event conditions. This suggests that the expected changes in DMS budget due to eutrophication processes do not occur at this time of the year. In order to assess the long-term effect of the biogeochemical changes in the north-western Black Sea on the production of biogenic gases, further work, focussing on the seasonal and interannual variability, is now necessary.
